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To compare our approach with the established detergentbased method, we recorded mass spectra of DgkA, LacY-GFP and pSRII in detergent micelles, formed in solutions containing 0.02% n-dodecyl-β-d-maltopyranoside (DDM) or 0.2% n-decyl-β-d-maltopyranoside (DM) in 200 mM ammonium acetate buffer. We observed peaks that correspond to chargestate distributions of the respective proteins, devoid of detergent ( Fig. 1a and Supplementary Figs. 2-6 ). DgkA, pSRII and LacY-GFP were released from micelles possessing average charge states of 7+, 9+ and 18+, respectively, indicative of compact structures. Unfolded proteins, with larger surface areas and/or more exposed basic residues, result in a wider charge-state distribution centered around higher charge. For DgkA, we observed the monomeric protein to be dominant, with a smaller population corresponding to dimers. However, the expected stoichiometry of DgkA is trimeric, indicating that detergent micelles are inadequate for preserving this complex in the gas phase.
To explore a detergent-free strategy, we obtained spectra of DgkA incorporated into amphipols (amphipathic polymers, with alternating hydrophilic and hydrophobic side chains) 14 . At identical protein concentrations and collision energies (CEs) (defined here as the acceleration voltage and not corrected for charge state) as those used for detergent-solubilized protein, we observed the detachment of amphipols from the DgkA assembly. However, we observed mainly monomeric protein together with small populations of dimers and trimers ( Fig. 1b and Supplementary Fig. 7 ). We concluded that although amphipols can be used for MS of membrane proteins, they cannot promote the detection of the native trimeric form of DgkA in the gas phase.
To explore the use of bicelles to deliver complexes for MS, we incorporated DgkA into 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)-1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPCc7) bicelles and confirmed formation of the bicelle-DgkA assembly by NMR spectroscopy (Supplementary Fig. 8 ). Mass spectra acquired on an instrument modified to access higher CEs revealed intense peaks (Fig. 1c) ; the m/z differences resulting from successive lipid adducts allowed us to assign the dominant peak (~14,000 m/z) to the DgkA trimer (3+), in line with the crystal structure 9 . The relatively low charge states observed for the protein (2+ to 4+ compared to 7+ for monomeric DgkA from micelles and amphipols) suggest that lipids in the bicelle shield the complex from acquiring charge during electrospray ionization.
detergent-free mass spectrometry of membrane protein complexes
We developed a method that allows release of intact membrane protein complexes from amphipols, bicelles and nanodiscs in the gas phase for observation by mass spectrometry (ms). current methods involve release of membrane protein complexes from detergent micelles, which reveals subunit composition and lipid binding. We demonstrated that oligomeric complexes or proteins requiring defined lipid environments are stabilized to a greater extent in the absence of detergent.
MS can provide insight into the subunit stoichiometry and lipid interactions of membrane protein complexes released from detergent micelles after collisional activation 1, 2 . Briefly, micromolar concentrations of membrane proteins are introduced from solutions containing detergent above the critical micelle concentration. Detergent micelles are widely used in structural biology; however, some detergents can promote unfolding, and they do not mimic the lateral forces and curvature of the cellular membrane 3 that can be important for maintaining protein structure. These concerns prompted the introduction of nanodiscs and bicelles that employ small, discoidal arrangements of phospholipid bilayers 4, 5 and have demonstrated great potential for X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy and electron microscopy [6] [7] [8] . However, it can be difficult to characterize the proteins incorporated into nanodiscs and bicelles in terms of stoichiometry and to observe the effects of lipid binding on these assemblies.
We report an MS method that allows membrane proteins and their noncovalent complexes to be ejected from amphipols, nanodiscs and bicelles into the gas phase for MS. We demonstrate the approach using three proteins. We expressed Escherichia coli LacY as a GFP fusion to monitor its assembly and purification (LacY-GFP; Supplementary Fig. 1 ). To test the preservation of oligomeric state, we analyzed E. coli diacylglycerol kinase (DgkA), a trimeric cytoplasmic membrane protein 9 whose activity and This implies that the protein maintains a compact native-like state in the bilayer before the application of collisional activation.
We next investigated the ability of bicelles composed of different ratios of short and long chain lipids to deliver a 7-TM helical protein for MS. We observed a charge series consistent with that of pSRII (3+ to 2+) and up to four lipids (Fig. 1d) . Increasing ratios of long:short chain lipids (q), from 0.1 to >1.5, allowed the detection of dimeric pSRII, which implied that larger bicelles stabilize protein interactions, in line with other studies in which 7-TM proteins had been observed to form oligomers in membrane-like environments 15 . Our observation of the higher-order oligomeric states of DgkA and pSRII demonstrate that bicelles enable subunit and lipid interactions to be maintained in the gas phase.
As an alternative to using bicelles, we next assembled membrane scaffold protein 1D1 (MSP1D1) nanodiscs (following established protocols 16 ), to solubilize the target protein. MSP1D1 nanodiscs also provide a lipid bilayer environment, in this case DMPC. The hydrophobic perimeter of a nanodisc is stabilized by two copies of a long α-helical membrane scaffold protein (MSP). Measurements of dynamic light scattering revealed homogeneous size distributions ( Supplementary Fig. 9 ), and transmission electron microscopy (TEM) showed uniformly sized disc structures, some in face-to-face stacked arrangements, of the correct geometry (Fig. 2c) . We initially recorded mass spectra for 'empty' nanodiscs that comprised only lipids and MSPs. Activation and desolvation of nanodiscs was accompanied by some lipid dissociation ( Supplementary Fig. 10 ). At a CE of 200 V, spacing between the lipid peaks was used to assign charge states (6+ to 8+). Based on this assignment, nanodiscs raised to this CE still retained an average of 119 ± 3 (calculated within 95% confidence limits; s.e. × 1.96) DMPC lipids across three charge states (Fig. 2a) . Additional increases in CE enabled the complete dissociation of lipids and released the MSP dimers (2+ to 4+) from nanodiscs ( Fig. 2b) .
LacY-GFP allowed us to monitor its incorporation into membrane scaffold protein 1E3D1 (MSP1E3D1) nanodiscs through size exclusion chromatography and affinity purification ( Supplementary Fig. 1 ). We observed a series of charge states for LacY-GFP (3+ to 5+, Supplementary Fig. 11 ) from nanodiscs (compare to 14+ to 21+ from DDM micelles, Supplementary  Fig. 5 ), implying that in nanodiscs LacY is folded and undergoes extensive lipid binding. To establish whether subunit interactions in complexes could survive the conditions necessary for release, we reconstituted DgkA into nanodiscs containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC; npg solution contained a total of 77 µM DgkA, but <50% was incorporated into isolated nanodiscs (Supplementary Fig. 12 ). Mass spectra (CE of 400 V) clearly showed the presence of well-defined trimers as well as monomers and dimers of DgkA. Given that spectra of proteins from nanodiscs or bicelles require higher CEs and yield considerably lower charge states than analogous spectra from detergent micelles, these characteristics could be exploited to determine whether target proteins have been incorporated into nanodiscs. For DgkA-containing nanodiscs subjected to a CE of 100 V, we observed no charge states for the protein, only for lipid clusters ( Supplementary  Fig. 13 ). But when we added DgkA incorporated in a DM micelle to the suspension of nanodiscs under the same MS conditions, we readily observed monomeric DgkA with high charge states. This control experiment confirmed that DgkA was released from micelles but retained in nanodiscs (at a CE of 100 V) and also established the absence of detergent-solubilized DgkA in our nanodisc preparations.
To investigate the broad applicability of nanodiscs for MS analysis of membrane protein complexes, we examined other lipids and proteins. We prepared nanodiscs containing pSRII and DMPC lipids, and confirmed formation of nanodisc structures by TEM (Fig. 2d) . Using similar activation conditions to those applied to nanodiscs containing DgkA and LacY-GFP, we observed lipid clusters consisting of DMPC lipids with charge state peaks readily discerned for pSRII and the MSPs. We observed very low charge states for pSRII (2+ to 3+) similar to those observed for DgkA and LacY-GFP. The presence of MSPs and lipid clusters in the pSRII spectrum, which are of higher intensity than that of DgkA, may imply that the liberation of pSRII requires more extensive disruption of the nanodisc structure.
The low charge states observed for proteins ejected from nanodiscs or bicelles, compared with those from micelles, minimize the potential for coulomb-induced unfolding in the gas phase. Both nanodiscs and bicelles maintained the native trimeric stoichiometry of DgkA, though a larger population of trimeric assemblies was preserved after dissociation from bicelles compared with nanodiscs (Figs. 1c and 2c) . Larger bicelles, presumably with greater lateral forces that effectively 'compress' the protein subunits along the plane of lipid bilayer, could maintain dimeric forms of pSRII. Although it is not clear whether this dimeric form is physiologically relevant, formation of pSRII dimers in lipid bilayers is enhanced compared with dissociation constant (K D ) values of pSRII dimers in detergent micelles 17 .
By comparing four different vehicles for introducing three membrane proteins into the mass spectrometer, we showed that although micelles and amphipols are compatible with electrospray studies, in line with previous observations 18 , the dominant charge states for DgkA suggest that the native oligomeric states may not be preserved. Stepwise dissociation of nanodiscs in the gas phase, in which first lipids and subsequently MSPs are released, as well as the lipid clusters as reported previously 19 , highlight the ability to deliver gas-phase protein complexes from lipidic environments. Although gas-phase dissociation of micelles occurs more readily than that of nanodiscs and bicelles, the lipidic microenvironment is important for maintaining subunit interactions within DgkA complexes. Both nanodiscs and bicelles have the ability to preserve protein-lipid interactions, although the range of lipids that can be explored is limited for bicelles. The potential for examining subunit and lipid interactions in the mass spectrometer, in well-defined environments akin to the membrane, is a tantalizing prospect that we believe will have an impact on downstream structural biology approaches. online methods Membrane protein expression and purification. DgkA and pSRII were expressed as reported previously 20, 21 .
A LacY-GFP plasmid was prepared as described elsewhere for other bacterial membrane proteins 22 . Briefly, the plasmid was transformed into E. coli BL21 (DE3) Gold cells (Agilent) and smeared onto LB agar plates supplemented with ampicillin. After overnight incubation at 37 °C, colonies were used to inoculate LB medium (4 × 50 ml) supplemented with 100 µg/ml ampicillin and incubated overnight at 37 °C with agitation. Twelve 2-l conical flasks, each with 1 l of LB, were inoculated with 10 ml of an overnight culture. Cells were induced with 0.5 mM IPTG (isopropyl β-d-1-thiogalactopyranoside) once an OD 600 of 0.6-0.8 was reached. Expression was allowed to proceed at 37 °C for ~3 h before cells were harvested by centrifugation (5,000g for 10 min) at 4 °C. Pellets were stored at -80 °C. Pellets were thawed and resuspended in buffer (50 mM Tris pH 8 and 300 mM sodium chloride). Cells were lysed with several passes through a microfluidizer (M-110PS, Microfluidics), and cell debris removed by centrifugation (20,000g for 30 min). Membranes were collected by centrifugation (100,000g for 2 h). Membranes were then resuspended in buffer (150 mM NaCl, 50 mM Tris, 5 mM β-mercaptoethanol and 20% glycerol at pH 7.4). LacY was extracted from membranes by adding DDM to the resuspension to a final concentration of 2%, and the tube was rotated at 4 °C overnight. The following day, the sample was centrifuged (20,000g for 30 min), and the soluble fraction was isolated and loaded to a preequilibrated (300 mM NaCl, 20 mM imidazole, 0.025% DDM, 50 mM Tris at pH 8.0) HISTrap column. Sample was eluted using an imidazole gradient to a final imidazole concentration of 500 mM. Peak fractions were pooled and injected onto a Superdex 200 column equilibrated in solution containing 50 mM Tris, pH 7.4, 150 mM sodium chloride, 10% glycerol and 0.025% DDM.
Membrane scaffold protein (MSP1D1 and MSP1E3D1) expression and purification. Plasmids were purchased from Addgene (plasmid 20061), made available courtesy of S. Sligar. Plasmid was transformed into BL21 Gold (DE3) cells, which were plated onto LB agar medium supplemented with 30 µg/ml kanamycin. After overnight incubation, colonies were used to inoculate 50 ml of Luria Broth (LB) medium containing kanamycin and incubated overnight at 37 °C and 230 r.p.m. agitation. 9 ml of the overnight cultures were used to inoculate 1 l of LB, and cells were induced with 1 mM IPTG at an absorbance of 0.6 (600 nm) and allowed to express protein at 37 °C for 3 h. Cells were harvested by centrifugation at 5,000g for 10 min, and the pellet was frozen at −80 °C.
Lysis buffer was prepared containing NaCl (300 mM), imidazole (20 mM), Tris (50 mM), Triton X (1%), pH 8.0 and EDTA-free protease inhibitor tablet (Roche). 50 ml of lysis buffer was used to resuspend cells harvested from 2 l of culture. Cell suspension was lysed by sonication (5 min total; 3-s pulse at 60% amplitude with 5 s rest times). Cell debris was removed by centrifugation (20,000g for 30 min) and solubilized material was loaded to a 5 ml Ni-NTA column equilibrated with buffer containing 300 mM NaCl, 20 mM imidazole and 50 mM Tris at pH 8.0. Protein was eluted using a gradient ramp up to 500 mM imidazole. Eluted material was added to TEV protease and loaded into 10-kDa molecular weight cutoff (MWCO) dialysis cassettes. The cassette was gently stirred overnight in dialysis buffer (4 l) consisting of Tris (20 mM), imidazole (20 mM), NaCl (150 mM) and β-mercaptoethanol (5 mM) at pH 8.0. Reverse immobilized metal ion affinity chromatography was performed on the dialyzed sample to remove TEV protease and cleaved His6 tags. Expression and purification was confirmed using MS (Supplementary Fig. 14) .
Reconstitution of membrane proteins into Amphipol A8-35. Stock solution of the A8-35 (Affymetrix) was prepared at 150 mg/ml in 200 mM ammonium acetate at pH 8.0. DMsolubilized DgkA was diluted in the A8-35 stock to give a final protein concentration of 20-200 µM and a 1:4 weight:weight ratio of protein:amphipol. After a 30-min incubation, bio-beads (40 mg) were added and the solution was stored overnight. Samples were washed using Vivaspin (10 kDa MWCO; Millipore) columns to remove free amphipol. In a separate experiment DgkA was refolded into amphipol, as described 18 , to assess whether this procedure would promote the formation of the expected trimeric stoichiometry.
Reconstitution of membrane proteins into nanodiscs.
Reconstitution procedures for nanodisc samples have been described previously and a protocol is available at http://sligarlab. life.uiuc.edu/. The sensitivity and low sample requirements of MS allowed reconstitution procedures to be conducted on a smaller scale. Typically, 100-µl reconstitution mixtures were prepared. Briefly, lipid stocks (POPC and DMPC) were prepared in chloroform at 100 mM. The required amount was then transferred to a 2-ml glass vial, and the chloroform was evaporated using a gentle stream of nitrogen to leave a thin film of lipids on the container walls. Vials were placed in a vacuum concentrator overnight to remove the residual solvent. Lipids were resuspended in MSP buffer (0.1 M NaCl and 20 mM Tris, pH 7.4) supplemented with sodium cholate (100 mM) to give a final lipid concentration of 50 mM, and the samples were sonicated at room temperature (RT) for 15 min. The appropriate amount of target protein, purified MSP and supplement of detergent (required to maintain the detergent concentration above the critical micelle concentration (cmc) in the reconstitution mixture) were added. Ratios were determined by performing SEC to judge disc homogeneity (Supplementary Figs. 1 and 12) . Mixtures were incubated for 1 h at RT for DMPC discs and on ice for POPC discs. Bio-beads were then added and allowed to incubate overnight. Samples were removed from the Bio-beads using gel-loading tips and loaded to approximately 400 µl of Ni resin (Qiagen) pre-equilibrated in MSP buffer (Supplementary Fig. 1A) . For larger quantities, 1 ml HISTrap columns (Fisher) were used. As target proteins contained His6 tags, only material incorporating the target protein was retained by the column. This was illustrated using the GFP fusion construct of LacY (Supplementary Fig. 1 ).
Enriched target protein was eluted by adding MSP buffer containing 100 mM imidazole (typically 200 µl was added), and samples were further purified using size-exclusion chromatography (Superdex 200/75 column; Supplementary Figs. 1 and 12) . Fractions corresponding to correctly formed nanodiscs were pooled and concentrated using Vivaspin columns (Millipore) with 100 kDa MWCO. Concentrated samples were washed with MSP buffer to remove the high concentration of imidazole for storage. Aliquots were desalted before MS analysis into 200 mM ammonium acetate using biospin-6 columns (Bio-Rad). npg 0.02%, respectively). Detergents were selected based on previous data. DgkA was shown to be very stable in both DM and DDM 20 . After reconstitution of proteins into amphipols, aliquots were desalted using biospin-6 (Bio-Rad) columns into 200 mM ammonium acetate.
Bicelle and nanodisc preparations. Reconstitution of detergentsolubilized protein solutions into bicelles and nanodiscs are described above. The MS analysis of bicelles and nanodiscs was conducted on a Q-TOF employing increased energy regimes, allowing a collision voltage of up to 400 V to be applied to the collision cell, necessary for the observation of naked protein signals, without lipid adducts. Although these analyses provided reasonable ion current at similar capillary voltages, as used for detergent and amphipol solutions, improved spectra were obtained at minimum voltages (usually between 1.0 kV and 1.5 kV).
Spectra presented are smoothed using Masslynx and baseline minimization where required was performed using Massign 29 .
